Within the framework of the Helmholtz Association Strategy Project ''GPS Atmosphere Sounding'' (GASP), an operational monitoring of integrated water vapor was established using 170 GPS sites in Germany and neighboring countries. The product, which can be obtained within 12-15 minutes of computer time on a single Linux PC, is generated each hour with a 30-minute time resolution and an accuracy of G1-2 mm in the precipitable water vapor. The GPS estimates are regularly validated using collocated instruments and the local model (LM) of the German Weather Service (DWD). First experiments for numerical weather predictions are performed at DWD and showed 2% improvement for the relative humidity in a 12-hour forecast, whilst the impact on the precipitation forecast over 24 hours is mixed up to now.
Introduction
Water vapor is an important greenhouse gas, which transports energy through the atmosphere and changes the radiation by clouds. Its highly variable distribution is not sufficiently monitored up to now, especially under the clouds and during the precipitation, where its knowledge is most important. Groundbased GPS receiver network can partly fill this gap.
In the year 2000 the GFZ in cooperation with three other large research centers of the German Helmholtz Association (AWIAlfred Wegener Institute for Polar Research; DLR-German Space Agency; GKSS-GKSS Research Center Geestracht) has started the ''GPS Atmosphere Sounding Project'' (GASP, www.gfz-potsdam.de/pb1/pg1/gasp1/index_ GASP1.html; Gendt et al. 2001; Dick et al. 2001; Reigber et al. 2002 ) on using groundbased and space-born GPS observations for applications in numerical weather prediction, climate research and space weather monitoring.
Within the ground-based part, presently data from 170 sites in Germany and neighboring countries are analyzed each hour to retrieve the vertical integrated water vapor (IWV) at each of the network sites. This product is extensively used by the German Weather Service (DWD) and the countries participating in the COST-Action 716. An effective software solution has to be implemented to obtain the results of such a dense network within 10 to 15 minutes of computer time on a single PC.
A regularly performed long-term validation with other collocated instruments and especially with the local model (LM) of the DWD is performed. First case studies using GPS IWV in assimilation and forecast experiments showed some positive impacts.
Data and software

GPS and meteorological surface data a. GPS Data
The analysis is based on hourly GPS data sampled with 30 seconds and used with an elevation cut-off angle of 7
. The German network of GPS receivers has increased during the last two years and consist now of about 110 sites (Fig. 1) . The network is based on the satellite positioning system SAPOS of the German Land Surveying Agencies, which in August 2002 comprises 250 sites in total. This large network allows for further significant densification if the ongoing studies will propose it. The data retrieval has been stabilized during the project by introducing internet connection to the sites, so that 85% of the data are available within 5 minutes now. The network is supplemented by 24 GPS receivers from GFZ installed at synoptic sites of the German Weather Service. This guarantees optimal possibilities for validation of the GPS results. The data are transferred in hourly batches to GFZ, checked for quality and merged to usual daily RINEX files.
In addition to the German sites, about 25 sites from the neighboring countries are added to enlarge the area of the monitoring, and about 20 stations from the global IGS network are added to enable GPS orbit determination and prediction as well as satellite clock determination.
b. Meteorological surface data
For conversion of the adjusted tropospheric zenith total path delay (ZTD) into the integrated water vapor (IWV) the meteorological surface data at the stations are necessary (the pressure for getting the zenith wet delay; the temperature profile, approximated by linear regression from surface data (see Bevis et al. 1992) , for converting into IWV). For some stations, e.g., the 24 GFZ-DWD sites, local measurements are available. However, for most of the sites the necessary pressure and temperature have to be interpolated using the synoptic sites of the DWD (about 200 sites with hourly sampling rate of data). For each site the smallest surrounding station triangle is used for a linear interpolation, correcting for the height differences beforehand. Stations with a height over 1000 m are excluded because of limitations of interpolation accuracy caused by errors in height correction. The quality of the interpolation is normally 0.3 hPa (rms). In mountainside regions the error can reach higher values, but 0.5 to 1 hPa (corresponding to about 0.2 to 0.4 mm IWV) can be accepted for numerical weather prediction if these are only random fluctuations. There are only a few sites that do not meet this limit.
The pressure data are checked beforehand by mutual interpolation to eliminate sites, which can be regarded as outliers in the pressure field over Germany. That means, each pressure value is compared to the interpolated value using surrounding sited, and it is excluded if the difference exceeds the given accuracy limit.
Software and processing strategy
For the analysis, the GFZ software EPOS.P.V2 (Gendt et al. 1999 ) is used. It is based on least squares adjustment of undifferenced GPS measurements and makes use of the IERS standards (McCarthy 1996) . It should be noted that for all sites the ocean loading effect is applied, using the model of Pagiatakis (1992) . The mapping function to derive the partial derivatives for the ZTD is that of Niell (1996) . For the conversion from ZTD to IWV, the physical constants given in Bevis et al. (1992) are taken. The station coordinates are determined in the ITRF reference frame using IGS final products and are then fixed during the NRT data processing. An accuracy check for the station coordinates is performed regularly, using the results of the coordinate adjustment from the post-processed analysis based on daily data batches. The various steps for of the analysis procedure are summarized below and illustrated in Fig. 2 . The main characteristic are given in Table 1 .
a. 3-hourly Ultra Rapid orbit predictions
The NRT data analysis needs predicted orbits. For GFZ the most driving application for improving the prediction quality was the GASP project. Whereas the Ultra Rapid orbit predictions submitted to the IGS (Gendt et al. 1999; Zumberge et al. 2001 ) are generated at GFZ twice a day and for internal use, a 3-hourly repetition was chosen. The reduction of the maximum prediction interval from 15 h to 4 h improves the reliability of the predicted orbits significantly. In this step, global hourly IGS data are analyzed in a 24 h-data window, which is shifted each time by 3 hours.
b. Hourly estimated orbits and clocks (Step ''Base'') Estimation of the tropospheric results is based on high quality GPS orbits and clocks, so that the hourly NRT data analysis starts with this ''base'' estimation step. Here predicted Ultra Rapid orbits of GFZ with 3 h repetition (GFU 3 h) are used as initials for the orbit and clock adjustment. To achieve sufficient quality in the GPS orbits, about 20 well-distributed global sites (base cluster) in a 12 h data window are used for orbit estimation. For good clock coverage over Germany five additional GASP stations are included.
c. Tropospheric results (Step ''PPP'')
Due to the steadily increasing number of sites an analysis strategy had to be developed, which keeps the computation time within 15 minutes for more than 100 stations even with increasing number of parameters like high sampling rate (15 or 30 minutes) and gradients for tropospheric estimates. Therefore a technique of parallel processing of a large number of stations in clusters, where each cluster may be processed on a separate computer, was implemented. Presently the efficient ''Precise Point Positioning'' (PPP) method (Zumberge et al. 1997 ) is used for analyzing the data. The main idea of the PPP strategy is to process each site separately while fixing the high quality GPS orbits and clocks. The computational load can easily be distributed over various PCs if needed.
Starting from Feb 2001, data retrieval and processing are running in NRT and is presently performed on two LINUX PCs. One PC is devoted only to the data handling. Permanently all possible global and regional data centers 
GPS products
3.1 Ultra Rapid orbit predictions, internal orbits and clocks Besides the official IGS Ultra Rapid orbits with an update cycle of 12 hours, two internal orbit products are generated as described in Section 2. The 12 h and 3 h-predicted orbits can be fixed during the ZTD estimation, or the orbits can be adjusted by the data itself (named GASP orbits-hourly estimated orbits from NRT analysis based on 12 h data windows). In Fig. 3 all three orbits are compared to the Final GFZ orbits (estimated high quality GPS orbits, official product of GFZ IGS Analysis center), which have an accuracy of about 2 cm and can be considered as true in our case. For the well behaving satellites, the predicted orbits already have reasonable quality and may be fixed without problems. The 3 h-predictions are in the mean 5 cm better than in the 12 hcase. For the well behaving satellites the predicted orbits have a quality comparable to the adjusted GASP orbits. But for the satellites, which are not well model-able (e.g., satellites in eclipse), one can gain significant improvements by orbit relaxation. In the mean we end up with 12 cm for those orbits compared with 17 cm and 22 cm for the 3 h-and 12 h-predictions, respectively. Further improvements for the GASP orbits can be expected by using 24 h instead of 12 h data intervals. Its implementation is under way. The influence of orbit accuracy on the accuracy of ZTD is discussed in section 4.
Product generation
Presently the DWD and the European COSTAction 716 have set a maximum delay for product submission of 1 hour 45 minutes, i.e., in case of an hourly data transfer 45 min are left to meet the deadline. Having such a delay, it is preferred to wait as long as possible (e.g., 30 minutes) to get the most complete set of products for validation and case studies. Suppose the realistic case that all data including a reasonable global set of stations are available within 5 minutes the product can be ready even in 15 minutes. The product delivery statistics reveals reliability for the hourly product files of 95%.
The data are analyzed in sliding 12 hwindows shifted each hour. The ZTD products are extracted from the last hour only. Because the applied random walk constraints are not so effective at the interval boundaries they do not have the highest quality. In addition to the 30-minute sampled ZTD values, the ZTD gradients in north and east direction are estimated every 60 minutes. Whether the gradients contain physically reasonable information can be checked by inspecting their values during frontal passages and by checking if its estimates from nearby sites are in a reasonable agreement (Fig. 5) . Even if the gradients itself are not considered to be an additional product, their estimation improves the ZTD products in case of frontal passages. The quality of the original ZTD results may be deteriorated by errors during the conversion into IWV (e.g., caused by instrumental problems for the surface data). Therefore the ZTD values are preferred for the assimilation. Nevertheless, conversion into IWV is performed so that the results can be used to monitor the moving wa- Fig. 3 . Quality of adjusted relaxed orbits from NRT analysis based on 12 h data windows (GASP orbits) and predicted orbits with 3 h and 12 h repetition (GFU 3 h-pred, GFU 12 h-pred) are shown for April 2002. As a measure of quality, the rms differences to the Final GFZ orbits (product of GFZ IGS Analysis center) are given for each satellite as well as the total rms over all satellites.
ter vapor fields with rather detailed information over Germany (Fig. 14) . As soon as the IGS final products are available, the data are also analyzed in a postprocessing mode using daily data batches to obtain the products with the highest accuracy. A first check of the NRT estimates using the post-processed products shows a NRT quality of the level of 0.6 mm IWV (see Fig. 4 ).
Validation
The data for April 2002 were analyzed using three variants for the orbits, taking relaxed GASP orbits or fixing the two prediction variants (see 3.1). The difference to the postprocessed results improved by 8% in the standard deviation switching from 12 h-to 3 hpredicted orbits, and taking the adjusted orbits even by 13%. The bias change between the various variants is small (site scatter @0.3 mm). Having a level of 0.6 to 0.7 mm IWV for all variants, one can state that fixed predicted orbits can also be chosen, which demonstrates the high quality of the IGS and internal GFZ Ultra Rapid products.
At three sites, collocated GPS receivers (including one at the coast, one in 3000 m height) only a few meters apart from each other were running over many months in parallel. The results differ by about half a mm IWV in standard deviation and bias. This is mainly caused by the residual errors in the different antenna models (different vendors), and gives a measure of the accuracy, which could be expected for the GPS results (Fig. 6) .
Besides consistency checks between NRT and post-processed estimates, important checks are performed with independent time series. Examples of comparisons over the last two years are shown in Fig. 7 for two stations and four other series. Comparing to the official combined IGS product for station Potsdam one can see the high internal consistency within the GPS analysis, as well as between GASP NRT and other analyses. Statistics over the whole data interval and for each 24 h interval are computed. There is no global bias, the daily standard deviation is G0.6 mm and the bias is rather stable from day to day with a scatter of 0.3 mm only.
The differences between GPS and radiosondes have biases and standard deviations at the mm level. The mean bias and the bias scatter from day to day amount to half a mm. The same holds for the comparisons to WVR, where the trend from negative to positive values is not explained yet. In general, the agreement between all these series corresponds to the error budget for the individual instruments, namely G1-2 mm IWV.
The differences to the analysis fields of LM (not assimilating GPS results) are at a high level of about G2 mm rms. The standard deviation in summer is larger than in winter, and the biases show a seasonal behavior. The higher differences between LM and GPS, especially in summer, can be explained by phase shifts between the modeled and GPS observed frontal systems. Figure 8 summarizes LM differences for all stations in the GASP network (individual values of about 40 sites are given) for April and August. Compared to summer, the consistence in winter is better by one 1 mm IWV and no significant wet bias of GPS can be stated. In summer a significant wet bias can be seen. However, if one computes separate biases for Fig. 4 . Quality of ZTD estimates using three different types of orbits-relaxed orbits from NRT analysis based on 12 h data windows (GASP orbits) and predicted orbits with 3 h and 12 h repetition (GFU 3 h-pred, GFU 12 h-pred). As a measure of quality, the rms differences to the post-processed ZTD are given for each station (subset is plotted here only) as well as the total rms over all stations. To get a better insight in the monitoring of the daily water cycle by the various instruments and models one can form means of hourly values over a longer time interval for each series. In Fig. 9 two radiosonde sites were compared with GPS. GPS has the highest water vapor content at 12 UTC (13 LST) and the radiosondes show here a minimum. The differences GPS minus radiosondes are about 1 mm higher at 12 UTC than at midnight. The LM values are very close to those of the radiosondes, which is not surprising since the LM assimilates them. A dry bias of radiosondes is known for a while and several corrections are applied to the data from the Lindenberg radiosondes RS80 A-Humicap (Nagel et al. 2001) . Thus the minimum of radiosonde IWV values found at noon is not yet understood. The agreement in the daily cycle between GPS and WVR looks better (Fig. 10) , with WVR being slightly dryer than GPS during day-time. A detailed hourly comparison for the daily water vapor cycle for GPS and LM was performed for winter and summer separately (Fig. 11) . GPS shows daily variations with a maximum at noon (smaller in winter than in summer) and the LM has nearly no daily variations in winter, and in summer even a minimum at noon. This behavior results during summer time in a large day-night-effect in the difference GPS minus LM, which can be observed at all stations (Fig.  8) . The detected difference in the daily cycle seems to depend on temperature variations (day-night, summer-winter) and is not understood yet.
One reason could be that the LM may have some problems in modeling the diurnal water cycle, especially during the warm seasons. Another reason may be a reported dry bias due to sensor arm heating in radiosondes observations (Wang et al. 2002) , however, this error should Fig. 6 . Difference in IWV estimated by collocated GPS instruments running several month in parallel at three sites Lindenberg (near Berlin), Sylt (at the North Sea) and Zugspitze (in the Alps at about 3000 m height). The two different types of receivers and antennas at each site are given in the legend. The single differences between two IWV estimates as well as the daily standard deviation and daily bias are plotted.
be very small in mid-latitude. Another reason maybe the conversion from GPS zenith wet delay into IWV. Looking into its error budget, one finds differences between the used formula of Bevis et al. (1992) and formulas optimized for Europe (Emardson and Derks 2002) . This gives about 1-2% systematic effects and even smaller variations with temperature, so that not even half of the effect could be explained by conversion errors. The general 2% error of using surface data instead of temperature profiles mentioned by Bevis is questionable to be of systematic nature and amounts only to half of the effect too.
Assimilation experiments
Several experiments with LM assimilating GPS data were run and the results were compared to a control run of LM (as the routine not including GPS data). The current LM of DWD, a non-hydrostatic regional model for central and western Europe, has a spatial grid resolution of approximately 7 km and 35 layers on the vertical. The assimilation scheme of LM is nudging towards observation .
During the period from 17 to 25 August 2001, assimilation experiments with and without GPS data were performed. Two 24-hour forecasts were produced every day, starting from the 00 UTC and 12 UTC analyses of the experiments. During the assimilation, the model IWV is relaxed towards the GPS IWV from 2.6 mm to 1.1 mm. The forecasts of the experiment have been verified against the GPS IWV themselves and upper-level observations from radiosondes. Both comparisons indicate that the assimilation of the additional GPS data has an effect within a forecast range of up to 15 hours. The verification against radiosondes shows that the assimilation of the additional GPS data reduces the rms error of relative humidity in the 12 hour forecast (Fig. 12) . The improvement in the humidity rms error is mostly concentrated between 800 and 600 hPa and it is of the order of 2% relative humidity (10% improvement). A minor improvement is also detectable in the forecast of temperature and wind velocity. The impact on all variables after 24 hours is neutral.
An evaluation of the results has also been made comparing analyses and forecasts of precipitation with surface observations and radar images. The signal in the precipitation analysis fields is mixed, with the GPS data improving some bad cases but also tending to deteriorate the analysis in some areas without precipita- tion. The same can be said in respect to the predicted precipitation. Figure 13 shows a case of positive impact of GPS data on the first 6 hour of a forecast started at 00 UTC. However, there are also cases of negative impact, and they are mostly forecasts started from the 12 UTC analyses predicting excessive rainfall. The overall impact later on the precipitation forecast (6 to 18 hour range) is neutral. The problem of excessive rainfall in the 12 UTC forecasts can be well related to the disagreement in daily cycle between GPS and LM. The extra amount of GPS moisture at noon and in the early afternoon can erroneously trigger the convective parameterization. Even if the data are correct, their assimilation with the present model leads to a deterioration of the forecast. The solution would be, of course, to correct the model climate by improving the model itself. But as long as this is not possible, it is necessary to adjust the observations to the model diurnal cycle by means of a day-time dependant bias correction. This approach is planned and is to be tested in the near future.
Further work has to be dedicated to the tuning of GPS IWV nudging, especially to understand and correct the cases of negative impact. For example, information on cloudiness could be used to improve the vertical distribution of the influence of the integrated value. Investigations on a possible bias correction of the GPS data are also required.
Summary
GASP has demonstrated an efficient operational determination of water vapor within a regional network of up to 170 sites with a quality of 1-2 mm for the integrated water vapor. First experiments for numerical weather predictions are performed at DWD and showed 2% improvement for the relative humidity in a 12-hour forecast, while the impact on the precipitation forecast over 24 hours is mixed up to now.
Assimilation experiments over longer time periods and the subjective and statistical evaluation of the resulting forecasts, with a special focus on the precipitation, are required and planned to assess the impact of GPS data.
To have the significant benefit from a parallel run with GPS, all modeling problems should be investigated in more details and possibly corrected before. Otherwise a negative impact may be obtained, which will not demonstrate the real potential of the GPS.
Meanwhile at DWD also the now-casting group has proved a significant gain of information looking into the GPS water vapor fields.
